SUMMARY Right ventricular outflow tract obstruction was relieved by placing outflow patches across the pulmonary annulus in 39 of 195 patients who underwent total correction of tetralogy of Fallot. The mortality rate in these 39 patients was 12.8%, which did not differ significantly from the overall mortality of 11.3% (p = 1.00). The ratio of the pulse pressure to pulmonary artery systolic pressure as an index of pulmonary insufficiency was dependent on the cross-sectional area index (CSAI) of the pulmonary annulus after enlargement, as shown in the regression equation Y = I -0.63/(X -0.07) (r = 0.79, p < 0.05). When the CSAI was 2.5 cm2/m2 or less and a single cusp was mounted on the outflow patch, the pulmonary insufficiency was negligible and the right ventricular end-diastolic pressure was 10 mm Hg or less. In patients without outflow patches, the right ventricular-to-pulmonary arterial systolic pressure gradient and the right ventricular-toaortic systolic pressure ratio 1 month after surgery was dependent on the CSAI, as shown in the regression equations Y = 54.0/X2 + 5.6 (r = 0.76, p < 0.01) and Y = 0.42/X2 + 0.36 (r = 0.72, p < 0.01), respectively. These two equations may also be applied in the case of patients with outflow patches with a single cusp. Thus, when the outflow patch is used, the CSAI must be larger than 1.75 cm2/m2 and less than 2.5 cm2/m2, and a single cusp should be mounted on the outflow patch.
TOTAL CORRECTION of tetralogy of Fallot consists of repair of the right ventricular outflow tract obstruction, complete closure of the ventricular septal defect and avoidance of injury to the conduction tract. Although there is better understanding of the pathologic anatomy and physiology of this entity, and techniques of repair have been highly satisfactory, some problems remain. Numerous reports have dealt with the relief of the right ventricular outflow tract obstruction and surgical results have improved, but there are no simple, reliable criteria for assessing residual stenosis and postoperative pulmonary insufficiency. We introduced the concept of the crosssectional area index (CSAI) of the pulmonary annulus after enlargement, and carried out a retrospective investigation of the relation between this index and surgical results (residual pulmonary stenosis, residual shunt, pulmonary insufficiency and complete atrioventricular block). We previously described criteria for enlargement of the right ventricular outflow tract.1 2 The present study concerns surgical and postoperative hemodynamic results, particularly postoperative pulmonary insufficiency, in patients in whom outflow patches across the pulmonary valve ring were placed.
in the Department of Cardiovascular Surgery of Kinki University and Heart Institute of Amagasaki Hospital. These patients were classified according to the type of relief of the right ventricular outflow tract obstruction (table 1) .
The subjects included 39 patients in whom outflow tract patches traversing the pulmonary valve ring were placed. The outflow patches were of autopericardium covered with Dacron cloth. A pericardial single cusp was mounted in 32 patients, and no cusp was used in the remaining seven. Ninety patients without outflow patches across the pulmonary annulus served as controls in the estimation of the residual pulmonary stenosis and residual right ventricular hypertension.
Cardiac catheterization and angiocardiography were performed preoperatively on all patients, and 1 month postoperatively on 23 out of the 34 survivors with and on 90 patients without outflow patches. The right ventricular and aortic pressures were measured simultaneously, and the pressure gradient between the right ventricle and the main pulmonary artery was obtained from the pullback pressure curve from the pulmonary artery to the right ventricle. The CSAI of the pulmonary annulus after enlargement was calculated as: CSAI = ir(d/2)2/BSA, where d is the diameter (in cm) of the pulmonary valve ring after enlargement measured at operation and BSA is body surface area (in m2). The degree of regurgitation of contrast medium refluxing into the right ventricle in the pulmonary arteriogram was classified into grades 1, 2, 3 and 4 from the least to greatest regurgitation, with the right ventricle separated longitudinally into four equal parts in a lateral projection ( fig. 1 ). At this time, no consideration was given to artificial regurgitation due to the catheter inserted into the pulmonary artery. 
Results

Operative Results
Five of the 39 patients with an outflow patch died, for a mortality rate of 12.8%, which was not significantly higher than the overall mortality rate of 11.3% (table 1, p = 1.00). The causes of death were pulmonary edema with pulmonary hypertension in two patients, acute renal failure due to hemolysis and low cardiac output in two, and cerebral bleeding in one patient. In the two patients with the pulmonary edema, the right ventricular outflow tract was enlarged (CSAI > 1.75 cm2/m2), and pulmonary edema with pulmonary hypertension developed immediately after the operation. Subsequent investigation revealed that the average diameter indexes of the arterial pathway to the right upper lobe were less than 4 mm/m2 maximum left atrial volume was less than 20 cm3/m2 and left ventricular end-diastolic volume less than 40 cm3/m2. These values indicate that the pulmonary vascular bed and the left heart were too small to tolerate primary total correction. In the two patients with acute renal failure, who had previous surgery before our criteria for enlargement of the right ventricular outflow tract were established, the ventricular septal defect was subpulmonary, and the right ventricular outflow tract was enlarged only by infundibulectomy and valvulotomy. In these two patients, severe residual pulmonary stenosis resulted from closing the defect, and weaning from the extracorporeal circulation was impossible. The outflow tract had to be enlarged by inserting an outflow patch across the pulmonary valve ring. Though 
Postoperative Pulmonary Insufficiency
To evaluate postoperative pulmonary insufficiency, the ratio of the pulse pressure to systolic pressure of the pulmonary artery, the right ventricular enddiastolic pressure and the degree of regurgitation of contrast medium refluxing into the right ventricle in the pulmonary arteriogram were compared with the CSAI. Figure 2 shows the relation between the ratio of the pulse pressure to systolic pressure of the pulmonary artery and the CSAI of the pulmonary annulus. This relation was expressed by the regression equation: 1-0.63/(CSAI -0.07) (r = 0.79, p < 0.05). The ratio of the pulse pressure to systolic pressure of the pulmonary artery is dependent on the CSAI of the pulmonary annulus.
Among the 16 patients who underwent pulmonary arteriography, five patients with a CSAI of 2.6 cm2/m2 or more (i.e., pulse pressure-to-systolic pressure ratio of 0.75 or more) had grade 3 or 4 regurgitation. In contrast, regurgitation of grade 2 or less was seen in nine of the 1 1 patients with a CSAI of 2.5 cm2/m2 or less. The two patients with grade 3 regurgitation had outflow patches without a single cusp. In all patients except one with grade 4 regurgitation, contrast medium refluxing into the right ventricle was cleared into the pulmonary artery in one systolic contraction.
Right Ventricular End-diastolic Pressure
The average value of the right ventricular enddiastolic pressure in 23 patients was 9.3 mm Hg (range 5-17 mm Hg), which is higher than normal. Figure 3 shows the relation between CSAI and the right ventricular end-diastolic pressure. In 15 of the 17 patients with a CSAI of 2.5 cm2/m2 or less, the right ventricular end-diastolic pressure was 10 mm Hg or less and the regurgitation was of grade 2 or less. The remaining two patients had a right ventricular enddiastolic pressure of 15 mm Hg and a regurgitation of grade 3, and had an outflow patch without a cusp. Five of the six patients with a CSAI of 2.6 cm2/m2 or more had a right ventricular end-diastolic pressure of 11 mm Hg or more, and five patients who underwent pulmonary arteriography had regurgitation of grade 3 or more. Thus, when the right ventricular outflow tract is enlarged by an outflow tract patch, it is imperative that a pericardial cusp be mounted on the outflow patch and that the CSAI be 2.5 cm2/m2 or less.
Residual Pulmonary Stenosis anticipated that an outflow patch will be necessary to relieve the outflow tract obstruction. Pulmonary insufficiency after total correction of tetralogy of Fallot cannot be avoided, and occurs in almost all patients with outflow patches across the pulmonary annulus.6' 7 The amount of regurgitation due to this pulmonary insufficiency depends on the size of the regurgitant orifice, the right ventricular-topulmonary arterial diastolic pressure gradient, diastolic filling period, cardiac output, right ventricular contractility, and residual stenosis.8 ' 9 Because there is no convenient method to measure regurgitation accurately, the ratio of the pulse pressure to systolic pressure and the contrast medium refluxing into the right ventricle in the pulmonary arteriogram were investigated, and a comparison was made with the CSAI. Albertal et al.10 stated that pulmonary insufficiency exists when the ratio of the pulse pressure to systolic pressure of the pulmonary artery is greater than 0.55; however, because various factors affect regurgitation, the ratio of the pulse pressure to systolic pressure does not always accurately indicate the amount of regurgitation, which is clearly dependent on CSAI. However, the ratio of pulse pressure to systolic pressure does express the amount of regurgitation, to some extent, under certain conditions. When this value is 0.75 or more, or even when it is less than 0.75 in the patients with outflow patches without a cusp, regurgitation is grade 3 or more. In the patients with outflow patches with a cusp and a ratio of pulse pressure-to-systolic pressure of the pulmonary artery of less than 0.75, regurgitation is grade 2 or less. Right-heart failure, producing elevation of the right ventricular end-diastolic pressure and right atrial pressure, and depression of the right ventricular output are considered to be the result of pulmonary insufficiency.7 '1-'3 In the present study, patients with a large CSAI, a ratio of the pulse pressure-to-systolic pressure greater than 0.75 and a high grade of regurgitation showed a high right ventricular enddiastolic pressure. Opinions about the long-term prognosis of pulmonary insufficiency vary. Kaplan et al.7 reported that pulmonary insufficiency appears to be well tolerated in the first few years but may result in a dilated right ventricle and elevation of the right ventricular end-diastolic pressure. Others have stated that pulmonary insufficiency presents no problem either clinically or hemodynamically,6 14"16 and that prognosis is better if a pulmonary insufficiency is combined with a mild degree of pulmonary stenosis. '7' 18 Because there is no method to prevent pulmonary insufficiency completely unless a substitute valve or an outflow tract conduit is used, the degree of both pulmonary insufficiency and pulmonary stenosis presents problems. Our present investigation was done 1 month postoperatively and long-term results are unclear. However, 1 month after surgery, pulmonary insufficiency was negligible when the CSAI was 2.5 cm2/m2 or less and a single cusp was mounted on the outflow patch. Therefore, when the right ventricular outflow tract is enlarged by an outflow patch, the CSAI should be in the range of 1.75-2.5 cm2/m2 from the standpoint of both residual pulmonary stenosis and postoperative pulmonary insufficiency. Moreover, it is essential that a single pericardial cusp be mounted on the outflow patch.
Malm et al., 19 Hawe et al. '8 and Ruzyllo et al.6 reported standards for the evaluation of residual stenosis and residual right ventricular hypertension. We prepared our own standards from the two regression equations, divided into three grades, defined by a right ventricular-to-aortic systolic pressure ratio of 0.5 and a right ventricular-to-pulmonary arterial systolic pressure gradient of 23 mm Hg, which corresponds to a CSAI of 1.75 cm2/m2 and by a right ventricular-toaortic systolic pressure of 0.70 and a right ventricular-to-pulmonary arterial systolic pressure of 50 mm Hg, which corresponds to a CSAI of 1.1. Further, on the basis of the equations we can predict the values of the right ventricular-to-aortic systolic pressure ratio and the right ventricular-to-pulmonary arterial systolic pressure gradient 1 month after surgery. Even though these equations were obtained in patients without an outflow patch, they can also be applied to the patients with outflow patches, as long as a cusp is attached.
In conclusion, the concept of CSAI is most useful in evaluating postoperative pulmonary insufficiency in patients with an outflow patch across the pulmonary annulus; pulmonary insufficiency is negligible as long as the CSAI is 2.5 cm2/m2 or less and a cusp is mounted on the outflow patch. Thus, when the right ventricular outflow tract is enlarged by an outflow patch across the pulmonary annulus, the CSAI should be 1. 
